Landslide characterization using P-and S- of these studies implement a sequential acquisition of P-and S-wave refraction data or a 70 combination of refraction and surface wave methods (Grandjean et al., 2009; Hibert et al., 2012) , 71 pressures and a loss of effective stress in the near-surface leading to the (re-)activation of shear 120 strains along (pre-existing) shear surfaces at critical depths of around 2 to 3 m. As material slides 121 towards the boundary between WMF and SSF it encounters a thin drape of aeolian sands overlying 122 the SSF that act as a toe drain and causes the slides to slow down and build up ridges along the 123 slope. Further phases of deformation can lead to local breakthrough and rapid acceleration of 124 flow/slide-like movement forming lobes towards the base of the slope. Thin sand lenses 125 incorporated within the slide mass can act as preferential flow-paths potentially leading to local 126 substantially elevated pore pressures (Uhlemann et al., 2016) . The upper parts of the slope are 127 retrograding as shallow rotational slides, triggered by the progressive loss of support along the local 128 toe of the slopes through ongoing deformation in the translation-dominant domain. Thus, the 129 landslide complex shows translational movements towards the WMF-SSF boundary, which evolves 130 to slide/flow-like behaviour forming lobes towards to toe of the slope and drives rotational failure 131 retrograding into the upper slopes (Fig. 1c) . For more general explanations on the different landslide 132 mechanisms the reader is referred to, e.g., Hungr et al. (2014) . 133
134
The paleo-landscape in this area was affected by the water level dynamics of an ice-marginal lake 135 (Lake Mowthorpe) during the last glaciation in the Pleistocene. This lake was formed due to 136 landslides damming the gorge through which meltwater and surface-water runoff took place. As 137 water level in the lake rose and a spill point at the eastern edge of the lake was reached (at Bulmer 138 Beck, Fig. 1a ), rapid incision occurred and this drained the lake (Chambers et al., 2011) . This likely 139 caused changes in effective stresses in the slopes and potential over-steepening, causing landslides 140 that again blocked the drainage pathways and reinitiated the process. Thus, this area is 141 characterized by repeated slope movements and therefore by highly heterogeneous and poorly geology and geomorphology, which is mainly based on geoelectrical and borehole data, whilethe geomorphological processes and triggering mechanisms controlling the landslide movements. 158
This paper describes the result of a seismic characterization of the landslide, which can potentially 159 aid in determining the elastic properties of the landslide material and thus may provide crucial input 160 parameters for a physical modelling. It employs P-wave and S-wave seismic refraction tomography 161 (SRT) with a specific focus to determine the spatial distribution of the elastic moduli of the landslide. 162
To our knowledge, this is the first application of deriving elastic moduli from P-and S-wave SRT in a 163 landslide context, and this paper will highlight its benefits to landslide research and characterization. 164 The seismic survey consisted of six profiles, four of which (L1 to L4) extended from the toe to the top 168 of the slope, and two (L5 and L6) were perpendicular to these. The perpendicular profiles covered 169 the upper and lower part of two lobes (Fig. 1) . While line L2 was located in a gully between two 170 lobes, lines L1, L3, and L4 covered actively moving lobes, where L3 and L4 are located along the 171 recently most active part of the landslide, showing movement rates of up to 3.5 m/year. Lines L1 to 172 L3 were located adjacent to a permanently installed 3D electrical resistivity tomography (ERT) array, 173 which also provided geoelectrical data during the SRT acquisition. Seismic data were acquired with a 174 2 m geophone and shot spacing, where shots were located between geophone locations (Fig. 2a) . 175
Methodology
Each spread consisted of 48 three-component geophones with a natural frequency of 4.5 Hz, 176 measuring vertical and two horizontal particle velocities. These were connected to six Geometrics® 177
Geodes with 24 channels each. As each spread spanned over 94 m L1 to L4 were measured in two 178 parts with an overlap of 32 and 26 m for L1 to L3, and L4, respectively. Each shot was recorded withperpendicular to the spread; for each side of the prism three recordings were acquired. The data 183 acquisition of all six lines took 5 days and comprised a total number of 3156 shots. Each shot and 184 geophone location was surveyed using RTK-GPS equipment. 185 186 Fig. 2 
Wave component extraction

192
By using a steel prism as seismic source P-and S-waves were excited at the same time. This reduced 193 the acquisition time as only one source type was required, and also ensured the same source 194 location and signature for both P-and S-wave SRT. This is in contrast to many other studies that are 195 using distinct P-and SH-wave data acquisitions (e.g., Jongmans et al., 2009; Turesson, 2007) . 196
However, it required an additional processing step, as P-and S-wave source signatures had to be 197 extracted. This was achieved by adding or subtracting the shots of the two different sides of the 198 prism. Adding the two shots results in a "pure" P-wave source signature, that is, a vertically oriented 199 force, and subtraction provides a "pure" S-wave source signature (Xia et al., 2002) , that is, extraction 200 of the horizontally oriented force (Fig. 2b) . As the prism was oriented perpendicular to the geophone 201 spread, only the horizontally polarized S-waves S H will be analysed in following, assuming an 202 isotropic S-wave propagation; S H waves are referred to as S-waves hereafter. The addition and 203 subtraction of shots of the two prism sides not only resulted in an extraction of the required wave of the three shots, and a stacking threshold of ρ XY > 0.85 was applied; traces were only kept if at 216 least two of the three correlation coefficients were ρ XY > 0.85. If, after this step, data acquired from 217 each of the prism side was available, horizontal and vertical wave components were extracted, 218 which implied a second stack. This requirement was fulfilled for more than 92 % of the data. These 219 steps significantly improved the S/N ratio from an average of 2.79 dB to 6.97 dB, aiding the correct 220 identification of the refracted waves (i.e. first arriving P-and S-waves, see Fig. 3 The recorded wave field (Fig. 3) includes surface, reflected, and refracted waves. For the purpose of 229 this study we concentrate on the refracted waves, as these contain information about the 230 subsurface velocity structure and thus the elastic moduli. This structure can be determined from the 231 first-arrivals (or first-breaks) of the transmitted waves (see Fig. 3 ; for receivers 30 to 45 first arrivals 232 can be found between 40 and 60 ms). These were determined from the shot gathers by manual and 233 semi-automatic picking of the P-and S-wave first arrival for each of the 526 shots. A picking error of 234 ±0.8 ms was determined from repeated picking of a subset of the data. 235
Inversion algorithm
236
The seismic P-and S-wave velocities of earth material can be defined in a simplified way as:
where K is the bulk modulus, G the shear modulus, and ρ the density. K is defined as the ratio of 238 hydrostatic stress to volumetric strain, and is a measure of a material's resistance to volume change 239 under an applied stress. Similarly, the shear modulus is defined as the ratio of shear stress to shear 240 strain (Mavko et al., 2009) . 241
The methodology that was used to derive the subsurface velocity structure from the recorded travel 242 times is described in detail in Lanz et al. (1998) . In brief, tomographic images are derived from an 243 algorithm that calculates the propagation of wave fronts through a 2-D heterogeneous medium and 244 uses these results for an inversion to obtain the "true" subsurface velocity structures. The seismic 245 problem can be simplified as a wave front traveling along the shortest ray-path in the time t from 246 the source to the receiver i through a medium defined by its slowness (inverse of velocity) field u. If 247 u is approximated by k cells with a constant slowness u, the forward problem can be formulated as 248 (Lanz et al., 1998) : 249 with G ik representing the respective cell travel time derivatives. From a given slowness field u travel 250 times t can be calculated by determining G through minimization of the raypaths, using a finite-251 difference eikonal solver (Podvin and Lecomte, 1991) . In the inverse problem, u is calculated from 252 the determined first arrivals t. While in the case of the forward problem, the relationship between t 253 and u is linear, in the inverse problem: 254 , 255 due to the dependency of G on u, it is strongly non-linear and has to be solved iteratively. The 256 inversion was performed separately for the P-and S-wave data. show significantly lower velocities in the flow-dominated domain than can be observed in Line 2, 321 which is located between two lobes. This can also be observed in the crosslines, Line 5 and 6, which 322 show higher velocities in this region (15 m < x < 25 m). The sharp boundary observed in the P-wave 323 velocity tomograms is less well-developed in the S-wave velocity sections, appearing slightly deeper 324 and with smaller velocity gradients. Similarly, a deep low S-wave velocity anomaly can be found in all 325 profiles, which is less distinctive than in the P-wave velocity profiles. There is also good spatial 326 consistency of the observed features in both the P-and S-wave velocity tomograms ( Fig. 5c and d) . 327 
Elastic moduli
374
The location of the penetrometer test profile (P-P') is indicated in d). Shown are only the parts of the tomograms with ray
coverage of both P-and S-waves, and investigation depths < 25 m.
377
Poisson's ratio
Elastic moduli
Similarly to the P-and S-wave velocities, shear and Young's modulus are reduced by weathering 464 processes (Macari and Laureano, 1996) . The low values of the moduli in depths < 5 m bgl can 465 therefore be attributed to soil weathering and reworking through mass movements. In these shallow 466 depths G 0 remains mostly below 50 kPa, which is a typical value for clays and sands of low density 467 (Fig. 8a) and the Young's modulus derived from the P-and S-wave SRT is 486 very good (Fig. 6) , both in the magnitude and spatial correlation. Generally, the upper 0.5 m showlimited sensitivity of the seismic techniques within this layer. Both, CPT and SRT derived Young's 489 moduli show smaller values below the front of the lobe, between y = 33 m and 44 m. This is an 490 indication of a lower moisture content in this area (Gregory, 1976 ), but could also suggest a lower 491 local stress field and increased weathering/fabric dilation (Macari and Laureano, 1996) . Direct 492 comparison of SRT derived Young's moduli with cone resistance at the CPT locations (Fig. 8b and c can be classified as saturated clay or sand, while below this threshold the material is more likely to 506 comprise partially saturated sand or silt (Bowles, 1988; Gercek, 2007) . Applying this and comparing 507 the imaged Poisson's ratio with the geological understanding of the site (Fig. 1c) porosity (Gregory, 1976; Pasquet et al., 2015) . It is likely to represent the saturated state of the SSF, 512 with its upper boundary representing the regional groundwater table. This is consistent with the 513 observations from the P-wave velocity profiles (Fig. 5c) Poisson's ratio can be used to assess the moisture content of these formations. 528 
Landslide characteristics
538
The landslide characteristics can be derived from a joint interpretation of the P-and S-wave velocity, 539 elastic moduli, and Poisson's ratio distributions. The landslide consists, in general, of three types of 540 materials, (1) saturated clay of the WMF overlying (2) partially saturated sandy silts and clayey silts 541 and (3) saturated sandy silts and clayey silts of the SSF (Fig. 10) . Next to the lithology, the degree of 542 saturation/material density is a crucial input parameter for landslide modelling, as it provides 543 indications of which geotechnical properties may be most appropriate to underpin thereconstruction of mass movement processes and support the numerical analysis of slope stability 545 (e.g., drained or undrained shear strength). 546
In the translation-dominant domain, a continuous surface zone of deforming deposits is observed 547 (Fig. 10) 
Conclusions
577
Site investigations are usually limited to surface observations, borehole or intrusive investigation, 578 and laboratory measurements, providing surficial or information at depth profile or samples of 579 discrete points only. In the case of landslide studies, where ground heterogeneities in both material 580 and hydrological properties may define the failure mechanism and trigger, this is often not 581 appropriate. The approach presented here overcomes this by employing P-and S-wave SRT, and 582 deriving distributions of elastic moduli and the Poisson's ratio from this data. The main benefit of 583 this study, and the information obtained from the Poisson's ratio in particular, is the spatial 584 information relating to saturation state and potential strength of the ground. This information is 585 crucial for an accurate definition of landslide models. 586
The P-and S-wave SRT indicated very low velocities of v p < 500 m/s and v s < 150 m/s in the depths 587 above 5 m bgl. These could be related to a high degree of weathering, de-stressing and destructuring, with high porosity and low density. P-wave velocities of v p > 1500 m/s close to the toe of 589 the slope were assigned to the regional groundwater table. Despite these features, v p and v s failed to 590 provide an indication of the different lithological units present at site. These were only imaged by 591 deriving the Poisson's ratio from the velocity distributions. The saturated clays of the WMF showed 592
Poisson's ratios ν > 0.4, while the partially saturated sandy silts and clayey silts of the SSF showed ν < 593 0.4. Both shear and Young's modulus, also derived from the seismic velocity distributions, showed 594 small values (G 0 < 1.0 MPa, E < 5 MPa) throughout the slope, indicating the small strength of the 595 material constituting the slope. Minima of the elastic moduli were found at the actively moving parts 596 of the landslide, highlighting the reduced strength of the material leading to mass movements at 597 shallow slope angles. An interpretation of the mechanical properties derived from this study 598 concluded that deep-seated failures are unlikely, and occasional reactivation of landslide 599 movements in response to prolonged intense rainfall is the main failure mechanism. 600
It is difficult to directly compare material properties derived from field measurements and from 601 laboratory studies. Collecting truly undisturbed samples from the field is fraught with difficulty and 602 reconstructing the in situ stress field is very challenging. In addition, very small strain 603 characterisation of soft sediments and soils is very difficult using conventional laboratory 604 assessments (that are better at characterisation of intermediate to large strains). Further work is 605 needed to investigate the relationships in order to successfully combine the two approaches (e.g. 
